Advances in semiconductor device fabrication, particularly Si-based devices, have benefited from the progressive miniaturization and integration of their constituent parts, including detailed control of the doping process. The theoretical approach utilized for device modeling should be able to resolve charge-density variations on an atomic scale, and in this respect tight-binding ͑TB͒ models are particularly adequate, as they provide atomistic descriptions of structural and electronic properties of solids. 1 Since the pioneering work of Slater and Koster, 2 TB is conceived as an empirical method, where orbital energies and hoppings are parameters to be adjusted in order to reproduce relevant properties in the band structure of the solid. TB methods rely on the choice of a suitable parametrization of the Hamiltonian, which includes the choice of a basis set, range of hopping coupling, etc. For the group IV and III-V semiconductors one might expect that the minimal sp 3 basis with first-neighbors coupling should suffice to describe the essential physics. However, this model is not able to reproduce the gaps of the indirect gap materials like Si and AlAs. 3 A simple scheme to correct this deficiency consists in introducing an excited s-like orbital, s * , to improve the description of the conduction band ͑CB͒. 4 Another limitation of first-neighbor models based on s and p orbitals alone is that they predict an infinite value of the transverse effective mass at the X point. This anomaly may be overcome either by adding the five d orbitals in the first-neighbor basis set, 5, 6 or by inclusion of second-neighbor ͑2nn͒ interactions in the sp 3 s * model. 7 Comparison between the different TB parametrizations for Si available in the literature shows that the one that best reproduces the relevant bulk material properties is the one proposed by Klimeck et al., 8 based on the first and secondneighbors sp 3 s * model. The reciprocal space position of the CB minima, however, is not well fitted. Silicon is an indirect gap material, with 6 CB minima along the equivalent ⌬ lines, 85% of the way between ⌫ and X. In Ref. 8 , a genetic algorithm ͑GA͒ fitting was adopted, and the target position for the minima was considered as 75% between ⌫ and X. For some applications 6, 9 it is known that a shift in the position of the CB minimum may lead to unsatisfactory results. We present here an improved parametrization, also obtained through the GA methodology, 8 reproducing the correct positions of the CB edges. GA-based optimization employs stochastic methods which do not require constrains on continuity of solution space. In the case considered here, the TB parameters are varied in order to get an optimal set that reproduces given material properties, denoted as target values. Details on the method are discussed in Ref. 8 : We refer to the parametrization published there as P075, and to the one proposed here as P085. Both parametrizations give the k-space positions of the six band minima at six equivalent points along ⌬ lines, with the position of the minimum at ⌬ min = 0.75͑2 / a Si ͒ for P075 and ⌬ min = 0.85͑2 / a Si ͒ for P085, where a Si = 5.431 Å is the conventional cubic lattice parameter for Si. Table I presents the TB parameters for Si for both parametrizations. The main difference between them consists in allowing nonzero 2nn hoppings V ss *͑110͒ and V s * s *͑110͒ in the optimization set for P085. All 2nn hoppings are consistently smaller than the first neighbors. The 2nn hopping parameters were determined to adjust the finer details of the target properties, and were not constrained to have values or signs expected from physical considerations. 2 The input and the calculated properties are presented in Table II , where the first column shows the material properties to be represented by the TB model and the second column shows the corresponding experimental values. 10 These constitute the input targets in the GA code. The remaining columns give the calculated properties and the respective deviations from the experimental targets for P075 and P085, as well as for a recently proposed first-neighbor sp 3 d 5 s * parametrization, which we denote by P1nn. 6 We note from 11 In the donor description below, no strain distortions are considered, and the second-neighbor model P085 provides an unprecedented representation of the Si CB.
The reliability of TB sp 3 s * second-neighbors parametrizations has been recently verified by studies of shallow donors in GaAs 12 and in Si. 13 We perform the same kind of study here, and discuss the effect of the CB minimum position in different aspects of the donor problem. We write the Hamiltonian for the impurity problem as 14 
† c i where i and j label the atomic sites, and denote the atomic orbitals and R i is the distance between site i and the impurity site. The impurity potential is taken as a screened Coulomb potential, U͑R i ͒ =−e 2 / ͑R i ͒ ͑ = 12.1 for Si͒. At the impurity site it is assigned the value U͑R i =0͒ =−U 0 , a parameter describing central cell effects characteristic of the substitutional species, and taken here as an adjustable parameter. We do not include spin-orbit corrections in the present calculations.
The eigenstates of H are determined for a system where a single impurity is placed in a cubic supercell containing N =8L 3 atoms in the diamond structure, where L is the length of the supercell edge in units of a Si . We adopt periodic boundary conditions, and large supercells 12 ͑up to 10 6 atoms͒ were treated within a variational scheme 15, 16 where the ground state wavefunction and binding energy E L are obtained by minimizing ͗⌿͉͑H − ref ͒
2 ͉⌿͘. The reference energy ref is chosen within the gap, nearest to the CB edge.
The eigenfunctions of H in the basis of atomiclike orbitals are written as ͉⌿ TB ͑r͒͘ = ͚ i a i ͉ ͑r − R i ͒͘, where the expansion coefficients a i give the probability amplitude of finding the electron in the orbital at site R i . The overall charge distribution is conveniently described through the TB envelope function squared,
In Fig. 1 , a convergence study of the donor ground state binding energy as a function of the supercell size L is presented for P075 and P085. One can observe in Fig. 1͑a͒ that for supercell sizes L Ͼ 25 the calculated binding energies reproduce the experimental value ͑E exp = 45.6 meV͒ taking U 0 = 1.48 and U 0 = 1.26 eV for P075 and P085, respectively. We denote these values by U P , as they are determined by tuning the on-site potential −U 0 in order to give the converged value of E b in agreement with experiment for P donors in Si. Figure 1͑b͒ The behavior of the binding energy with U 0 is presented in Fig. 2͑a͒ , where the dotted lines indicate the value of U P for each parametrization leading to E b = E exp . As noted in Ref. 13 , in the weak perturbation limit the binding energies converge to the effective mass theory ͑EMT͒ prediction in its simplest formulation 18 ͑single-valley approximation͒, ϳ30 meV. It is interesting that this behavior is the same for both parametrizations. As U 0 increases, P085 tends to give higher binding energies than P075, resulting in a smaller value of U P for P085.
One can also characterize the donor ground state by its orbital averaged spectral weight 17 Fig. 2͑b͒ as a function of U 0 . The EMT approach presumes that W͑⌬ min ͒ ϳ 1, allowing the donor state to be well described in a basis of Bloch states at the CB-edge k points. However, one can notice in Fig. 2͑b͒ that this is not the case: Even for the smallest values of U 0 the spectral weights at ⌬ min are well below saturation ͑one͒ for both parametrizations, implying that an incomplete description may result from EMT in this case. The spectral weight at U P is 0.32 for P075 and 0.30 for P085. These relatively low spectral weights indicate that multiple k points, other than those corresponding to the six CB edges of Si, contribute to the donor wave function expansion within any reciprocal-space based approach.
Within single-valley EMT the ground state for donors in Si is sixfold degenerate. 18 Valley-orbit interactions 19 lead to a nondegenerate ground state wave function of A 1 symmetry,
where ͑r͒ = u ͑r͒e ik ·r are the pertinent Bloch wave functions, and the envelope functions are given by F z ͑r͒ Figure 3 presents a comparison between the TB envelope function calculated from ͑1͒ along the ͓110͔ direction, for both P075 and P085 parametrizations ͑data points͒ with the corresponding EMT results obtained from ͑2͒ ͑solid lines͒, with a and b are given above, but with a different normalization to conciliate the TB and EMT wave functions on the same scale. The values of k used in ͑2͒ are consistent with the respective reciprocal space location of the CB minima. Note that the oscillatory behavior due to interference among the plane-wave parts of the six is well captured by the TB envelope function. The period of the oscillations is different for P075 and P085, as given by the corresponding wave vectors.
Good agreement between TB and EMT is restricted to distances from the impurity site larger than ϳ1 nm. This means that at large distances the EMT expansion of the donor wavefunction in only six k points, as given in Eq. ͑2͒, is capable of reproducing its main features ͑except for normalization, of course͒. Closer to the impurity, particularly at the impurity site, the TB results become much larger than the EMT prediction.
The wave functions obtained from P085 and P075 agree reasonably well in the central cell region. One way to quantify this agreement is through the probability to find the donor electron inside of a sphere of radius R c : Q͑R c ͒ = ͚ RഛR c ͉a i ͑R͉͒ 2 . Taking for R c the 2nn distance, the ratio of Q͑R c ͒ obtained from the two parametrizations is Q P085 ͑R c ͒ / Q P075 ͑R c ͒ = 1.15.
In summary, we find good agreement between the results obtained within P085 and P075 for ͑i͒ the exponential convergence law for the ground state binding energy with supercell size, ͑ii͒ the binding energy of the first excited state, ͑iii͒ the spectral weight of the ground state wave function at ⌬ min , ͑iv͒ the probability that the donor electron is within the central cell up to the impurity's 2nn. Both parametrizations also capture the donor wave function oscillations predicted within EMT; the main difference regards the period of the oscillations. In applications where the quantitative aspects of the oscillatory behavior of the wave function is important, the P085 parametrization is thus capable of providing a better description. The importance to represent the P impurity wave function in a full band, atomistic representation is demonstrated through its spectral decomposition, and by direct comparison between the TB results and EMT. 
